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Three-dimensional  unsteady  flow  separation  was 
visual  l2ed  for  a  semi  - 1 nf I n  1  te  span  wing  pitched 
upward  at  a  constant  rate  from  0  to  60*  angles  of 
attack.  Initially,  many  of  the  same  complex  flow 
perturba+lons.  Including  the  formation  of  leading 
and  trailing  edge  vortices  observed  from  two- 
dimensional  f  I  ow  separation  were  ev Ident.  Using 
the  seml-Inf Inlte  wing,  the  flow  field  was  further 
compl  Icated  by  a  wing  tip  vortex  that  developed 
orthogonal  to  the  separation  Induced  leading  and 
trailing  edge  vortices.  The  tip  flow  distorted  the 
developement  of  the  Initially  two-dimensional 
Inboard,  leading  edge  vortex.  The  simple  pitching 
motion  history  permitted  resolution  of  the 
development  of  Individual  vortices  as  a  function  of 
airfoil  motion  parameters.  Also,  vortex- vortex 
Interactions  were  examined  between  separation- 
induced  vortices  and  wlngtlp  vortices.  The 
Interactions  were  characterized  for  time  periods 
that  extended  well  beyond  the  actual  pitching 
motions. 


Nomenclature 


c  airfoil  chord 

k  reduced  frequency  uic/ZV^ 
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t  non-d Imenslona I  time  t-V  /c 
Vc  convectlng  velocity  of  vortex  center 
free  stream  velocity 
a+  reduced  pitch  rate  j-c/ 
a  pitch  rate  rad/sec 

B  tip  vortex  streak  line  deflection  angle 

u  kinematic  viscosity 


Introduction 


The  potential  utilization  of  large  scale 
vortices  to  enhance  lift  has  provided  much  of  the 
current  research  Interest  In  unsteady 
aerodynamics''^’^.  Wakes  created  through  forced 
unsteady  flow  separation  are  dominated  by  the 
presence  of  large  scale  leading  and  trailing  edge 
vortical  formations  originating  iron  the  separated 
boundary  layer  vor t I c I ty*' * 7.  In  two- 
dimensional  flows,  vortices  Induced  through  airfoil 
pitching  motions  beyond  static  stal I  have  been 
observed  to  create  transient  lift  and  moment 
coefficients  four  to  five  times  larger  than  the 
maximum  co nv e  n  t lonal  steady  state 
values.  '  2  Changes  In  any  of  the 

parameters  affecting  airfoil  motion  dynamics 
produced  rel  table  alterations  In  vortex  development 
and  strength.  Thus,  many  utl I Izatlon  schemes  have 
been  env I s loned' ®  which  employ  large  scale 
vortices  to  enhance  conventional  airfoil 
performance.  Yet,  fundamental  questions  remain 
concerning  the  basic  physics  of  vortex  development 
and  the  validity  of  two-dimensional  results  In 
three-dimensional  applications. 
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Flow  fields  resulting  from  forced  unsteady 
flow  separation  are  Inherently  complex  due  to  the 
special  and  temporal  Interdependence  of  flow 
perturbations  on  airfoil  geometry  and  motion 
history.  In  a  two-dimensional  test  circumstance, 
where  the  airfoil  motion  Is  driven 
harmonlcal  I  y,4*5»6,7,8,9  flow  history  effects  from 
vortex- vortex  Interactions  prevail.  Vortex 
stacking  produced  by  multiple  airfoil  oscillations 
at  high  oscillation  rates  (reduced  frequencies 
>1.5)  complicate  the  wake  dominated  flow  field. 
Separating  the  effects  of  vortex- vortex 
Interactions  from  vortex-alrfol I  Influences  and  the 
dependence  on  dl fferent  alrfol I  motion  histories 
have  only  recently  commenced.'6 

When  three-dimensional  separation  Is  Involved, 
the  degree  of  complexity  Increases  an  order  of 
magnitude.  I  n  three-d I  mens  I ona I  forced  unsteady 
separated  flows,  vortex  stretching  must  be 
considered  as  an  additional  vortlclty  source  along 
with  three-dimensional  vortex-vortex  Interactions 
between  orthogonally  positioned  vortical 
structures.  Such  flow  circumstances  occur  when  a 
sem  I  -  I  n f I n I te  wing  osc  I  I  I  ates  beyond  static 
sta  I  I.17  The  separated  leading  edge  vortex 
Initiates  along  the  airfoil  span  and  Is  Initially 
aligned  perpendicular  to  the  shedding  wing  tip 
vortex.  Use  of  a  three-dimensional  body  geometry, 
such  as  a  delta  wing,18  or  swept  wing,19  to  produce 
unsteady  flow  separation  may  further  compl I  cate  the 
flow  with  vortex  alignment  dependent  upon  body 
shape. 

To  help  simplify  present  tests,  a  relatively 
simple  constant  pitch  rate  motion  was  selected  as 
the  forcing  function  of  the  unsteady  separation.  A 
single  pitch  motion  between  0  and  60°  permitted 
documentation  of  vortex  Initiation  and  development 
without  the  effects  of  hysteresis  from  multiple 
cycles.  Variation  I n  non-d I  mens  Iona  I  pitch  rate 
between  a  +  =  0.2  and  1.0  under  duplicate  test 
conditions  showed  the  dependence  of  vortex 
formation  on  the  airfoil  motion  dynamics.  Further, 
the  existence  of  previous  flow  v  Isua I  I zat  Ion  and 
pressure  measures18'1  ’ 1  *  for  the  two-dimensional 
cases  at  the  same  test  conditions  a  I  lowed  direct 
comparison  with  these  three-dimensional  results. 

The  major  comp  I  I  cat  Ion  In  three-d I  mens  I ona I 
unsteady  flow  fields  arises  from  the  wing  tip 
vortex  associated  with  the  finite  wing.  In  two 
dimensions,  vortex  Initiation  and  development  can 
be  treated  as  a  scalar  quantity  with  the  addition 
of  boundary  layer  vortlclty  enhancing  the 
development  of  the  separated  leading  edge  vortex. 
In  three-dimensional  flows,  the  relationships 
between  vortlclty  production  and  vortex  generation 
are  much  more  complex17'18.  Additional  vortlclty 
accumulation  and/or  reduction  through  vortex 
stretching  must  be  taken  Into  account  In  addition 
to  normal  boundary  layer  diffusion  processes. 
Development  of  orthogonal  vortices  from  the  leading 
edge  and  airfoil  wing  tip  raise  fundamental 
questions  regarding  flow  development  In  the  wing 
tip  region.  How  the  leading  edge  vortex  terminates 
with  the  wing  tip  vortex,  what  allocation  process 
distributes  boundary  layer  vortlclty  between  these 
vortices,  what  Influence  the  dynamic  forcing 
parameters  exercise  over  vortex  structure,  and  the 
effects  of  orthogona I  vortex- vortex  Interactions  on 
airfoil  pressure  d I str I  but  Ions  are  only  some  of  the 
Important  I ssues  to  be  addressed.  Only  through  a 
thorough  understanding  of  vortex  Initiation, 


development  and  Interaction  processes  can  the 
ultimate  performance  enhancement  possibilities  be 
real ized. 

The  present  experiments  focus  on  the 
phenomenology  of  three-dimensional  forced  unsteady 
flow  separation  elicited  from  a  semi- I nf I n I te  wing 
under  constant  pitch.  Flow  visual  Izatlons  from 
high  speed  16  mm  movies  documented  the  genesis  of 
vortex  Initiation  and  development.  Comparison  with 
flow  visual  Izatlons  of  two-dimensional  airfoils 
were  possible  since  duplicate  test  conditions  were 
used . 


Methods 

Exper  Iments  were  conducted  I  n  the  2'  x  2'  1  ow 
turbulence  (<0.03$)  subsonic  wind  tunnel  at  the 
University  of  Colorado.  Free  stream  velocities 
were  set  with  a  reference  pitot  tube  located  In  the 
test  section.  One  side  of  the  tunnel  had  been 
refitted  with  a  glass  wa I  I  to  permit  flow 
v I sual I zat Ion. 

An  extruded  hoi  low  case  NACA  0015  with  6" 
chord  was  used  for  the  experiments.  Two- 
dimensional  results  were  obtained  with  an  airfoil 
section  which  spanned  the  entire  2  ft.  test  area. 
Three-dimensional  measures  were  made  with  a  seml- 
Inf Inlte  wing  section  which  extended  12"  from  the 
tunnel  wall.  The  low  aspect  ratio  (2.0)  alrfol  I 
was  constructed  with  a  flat  end  tip  and  a  circular 
6"  disk  on  the  opposite  end,  next  to  the  tunnel 
wal  I.  Both  alrfol Is  were  pitched  about  the  quarter 
chord  with  the  pitch  axis  aligned  perpendicular  to 
the  free  stream  flow. 

Fundamental  to  the  visualization  approach  was 
the  del  1  very  of  a  dense  smoke  sheet  along 
selectable  span  locations*  .  A  smoke  wire 
constructed  of  0.005  tungsten  located  18"  upstream 
of  the  leading  edge  was  used  to  heat  a  coating  of 
Roscoe  fog  fluid.  An  optimal  voltage  vs.  tunnel 
free  stream  velocity  was  obtained  through  trial  and 
error  to  obtain  the  greatest  smoke  density 
possible.  The  smoke  wire  was  stretched  across  an 
18"  span  normal  to  the  airfoil  pitch  axis  and 
attached  to  two  0.25"  copper  reds.  Sliding  the 
copper  rods  Into  and  out  of  the  test  section 
permitted  delivery  of  the  smoke  sheet  at  any 
selectable  location  along  the  span. 

High  speed  movies  documented  the  dynamics  of 
vortex  deve I opment  from  two  separate,  orthogonal 
vantage  points.  A  16mmLocam  II  variable  speed 
movie  camera  was  operated  at  a  frame  rate  of  200 
Hz.  All  experiments  were  performed  with  a  tunnel 
speed  of  10  ft/sec  which  established  a  non- 
dlmenslonal  time  between  subsequent  movie  frames  of 
0.1  (where  time  was  nond I  mens  I ona I  I  zed  on  free 
stream  velocity  and  alrfol I  chord).  Eastman  4-X 
negative  16  mm  film  was  exposed  with  a  50  mm  Nikon 
camera  lens  set  at  an  aperature  of  2.8. 
Illumination  was  provided  with  two  Strobrlte 
stroboscopic  flash  units  synchronized  with  the  high 
speed  camera.  The  single  point  source  bulbs 
operated  with  a  total  duration  of  7  usee  and 
provided  virtually  Instantaneous  visualizations 
with  each  movie  frame. 

A  programable  motion  control  system  drove  a 
d.c.  stepping  motor  through  a  constant  pitch 
motion  for  both  the  two-dimensional  and  three- 
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Two-D 1  me n s i ona  I  Leading  Edge  Vortex 
Development  From  an  Airfoil  Pitched  at 
Constant  A  :  NACA  0015;  n +  0.6;  *.  t 

between  photographs  of  0.2;  t,  -  1.5  A-C 
correspond  to  i 's  of  52.0,  56.9,  59.5, 

60.0  ...  60.0°. 


Three-Dimensional  Leading  Edge  Vorte 
Development  From  :  Wing  Pitched  a 
Constant  i  ;  NACA  0015;  t 4  0.6;  smoke  wlr 
location  z/c  1*0;  *.  t  D  etwee 

photographs  0.2;  t^  -  1.5;  A-0  correspom 
to  <  vf  4  7.4  ,  54.2  ,  ‘•a. a,  60.0  .. 
60.0°. 


dimensional  experiments.  A  4  to  1  gear  reduction 
between  the  stepper  motor  and  airfoil  pitch  shaft 
provided  a  smooth  ramp  function  through  the  pitch 
angles  of  60°.  Torque  ranges  to  3200  oz-ln. 
permitted  airfoil  rotation  rates  up  to  1145  deg/sec 
for  the  three-dimensional  airfoil.  Three  rotation 
rates  were  used  for  this  experiment;  229,  688,  and 
1145  deg/sec  corresponding  to  non-d I  mens  Iona  I  pitch 
rates  of  0.2,  0.6  and  1.0.  Al  I  experiments  were 
conducted  at  a  chord  Reynolds  number  of  23,000. 


Results 

An  inertial  reference  frame,  fixed  with 
respect  to  the  wind  tunnel  was  used  to  describe  the 
three-dimensional  flow  field  In  the  present 
studies.  The  origin  of  the  orthogonal  axes  system 
was  located  on  the  leading  edge  of  trie  wing  tip 
with  the  wing  at  0°  angle  of  attack.  The  three 
axes  were  oriented  as  follows:  1)  x-axis  along  the 
chord  line  parallel  to  the  free  stream  flow,  2)  y- 
ax  I  s  perpendicular  to  the  chord  In  the  positive 
pitch  direction  and  3)  the  z-axls  passing  from  the 
wing  tip  along  the  leading  edge  of  the  wing. 
Though  the  wing  position  changed  with  time,  the 
coordinate  system  remained  fixed  relative  to  the 
tunnel  reference  system  and  the  Initial  0°  angle  of 
attack  position  of  the  wing.  Al I  positions  are 
non-d I  mens  I ona li zed  by  tbe  airfoil  chord  and 
represented  as  x/c,  y/c  and  z/c,  respectively. 


When  an  airtcil  is  rotated  in  pitch  beyond  the 
static  stal  I  angle,  a  loading  edge  vortical  complex 
Is  formed  as  the  flew  separates  from  the  airtcl  I 
surface.  Fig.  l  cop-lets  the  Initiation  and 
development  of  a  leading  edge  vortex  from  the 
surface  of  e  two-dimensional  airtcl I  rotating  at  a 
constant  pitch  rate  (non-dimensional  pitch  rate  i  = 
0.2)  fiomO  to  60“  angle  of  attack.  In  Fig.  1,  A, 
a  vortex  is  clearly  discernible  about  the  airfoil 
leading  edge  al  52°  angle  of  attack.  The  flow 
remained  dynamical  ly  attached  through  angles  of 
attack  in  excess  of  40°,  a  full  30°  beyond  the 
steady  state1  stal  I  angle.  Thus,  so;  ar  at  ion  was 
delayed  due  to  the  dynamic  pitet  riot  ion  of  the 
airfoil  section.  T n  i  s  r  e so  ,  t  agrees  with  otter 
Inves+lgations  using  harmonic  airfoil  oscillations 
beyond  static  stal  I  angler,  where  •  ta i  I  was  delayed 
during  the  upward  pitet  por  t  it  n  of  the  oscillation 
eye  I  e. 4 

bubsequenl  photographs  in  Fig.  1  show  the 
e  v  o 1 u  t I o  n  o  f  the  dynamic  stal  I  vortex  with 
increasing  Intervals  of  time-.  At  a  free  stream 
velocity  of  10  tt/sec,  and  camera  frame  rate  of  200 
Hz,  the  non-dimensional  time  (r,on-d  i  mer-s  iona  I  i  zed 
on  V, and  airfoil  chord)  between  movie  frames  was 
equal  to  0.1.  Thus,  tno  non-d  ’  irens  i  ona  I  time 
Interval  (  ft)  of  0.2  between  consecutive 
photographs  represents  pr  irts  ct  every  ether  movie 


frame  taken  through  the  upward  airfoil  pitching 
sequence.  By  photograph  0,  the  alrfol I  had  reached 
maximum  angle  of  attack  and  was  stationary  during 
the  remainder  of  the  visualization  sequence. 

Two  distinct  flow  separation  regions  emerged 
on  the  airfoil  upper  surface  during  the  vortex 
Initiation  phase  of  the  motion.  Immediately  behind 
the  leading  edge  vortex,  a  second  vortex  also  with 
clockwise  circulation  formed  between  mid-chord  and 
the  trailing  edge  (Fig.  1,  B-E).  This  vortex 
formation  has  been  previously  reported  by  McAlister 
and  Carr  7  and  Adler  and  Luttges  '  using  alrfol  Is 
driven  sinusoidally  In  pitch  at  either  large 
oscl I  I  at  I  on  ang I es  (>  10°)  or  high  osc Illation 
rates  (K  >  2.5).  Walker,  et  a  I.,10  also  noted  the 
large  static  pressure  Influence  generated  on  the 
airfoil  surface  by  this  secondary  shear  layer 
vortex.  After  Initiation,  the  larger  leading  edge 
vortex  continued  to  convect  over  the  alrfol  I  chord 
and  enveloped  the  entire  airfoil  surface.  In  the 
process,  the  secondary  shear  I  ayer  vortex  was 
assimilated  Into  the  larger  leading  edge  vortex  and 
lost  Individual  Identity  (Fig.  1,  G). 

As  the  dynamic  sta I  I  vortex  shed  from  the 
alrfol  I  surface  Into  the  wake,  a  second  vortex  of 
counterclockwise  circulation  evolved  from  the 
trailing  edge,  underneath  the  leading  edge  vortex 
(Fig.  1,  0).  This  trailing  edge  vortex  rapidly 
grew  In  size,  displacing  the  path  of  the  leading 
edge  vortex  from  a  direction  parallel  to  the  free 
stream  velocity  to  a  path  normal  to  the  alrfol  I 
surface  (Fig.  1 ,  K-0). 

Three  separate  and  distinct  periods  of  vortex 
development  can  be  related  to  the  single  constant 
pitch  airfoil  motion  history:  1)  The  forcing  period 
where  the  alrfol  I  experiences  a  rapid  change  In 
angle  of  attack,  2)  Initiation  and  development  of 
the  leading  edge  vortex  and  3)  the  relaxation 
period  where  the  Induced  vortices  are  permitted  to 
develop  and  shed  Into  the  wake  without  additional 
external  forces  applied  to  a  I  ter  the  flow.  The 
forcing  period  Is  characterized  by  the  dynamic 
attachment  of  the  flow  during  air foil  pitch  and  can 
be  altered  by  the  rate  of  pitch  and  angle  through 
which  the  airfoil  Is  driven.  This  time  period 
would  be  visualized  by  a  photographic  series 
starting  at  zero  angle  of  attack  and  ending  Just 
prior  to  vortex  Initiation  (prior  to  Fig.  1,  A). 
The  Initiation  and  development  period  for  the 
leading  edge  vortex  would  subtend  a  period  where 
the  boundary  layer  separates  from  the  airfoil 
surface  (just  prior  to  Fig.  1,  A)  and  evol  ves  Into 
a  discernible  vortex  (Fig.  1,  B).  The  relaxation 
period  encompasses  the  continuing  development  of 
the  leading  edge  vortex  as  wel  I  as  the  Initiation 
and  development  of  the  trailing  edge  vortex. 
Eventual  I  y,  both  the  leading  and  tral  I  I ng  edge 
vortex  complexes  shed  Into  the  wake  and  the  alrfol  I 
shows  a  quasi-steady  bluff  body  shedding.  Using 
these  descriptions  for  the  airfoil  motion  history, 
the  three-d Imens Iona  I  unsteady  separated  flow  field 
can  be  characterized  and  contrasted  with  the  two- 
dimensional  results  In  Fig.  1. 

Initiation  and  development  of  a  leading  edge 
vortex  from  a  semi- I nf I nl te  wing  possessed  many  of 
the  same  characteristics  observed  In  the  two- 
dimensional  test  cases  described  above.  Fig.  2 
shows  a  span-end  view  of  the  leading  edge  vorte* 
development  visualized  with  a  smoke  sheet 
Introduced  one  chord  Inboard  of  the  wing  tip  (z/c  = 


1.0).  These  photographs  were  made  using  the  same 
test  conditions  as  the  two-dimensional  experiment 
(Fig.  1)  and  are  sequenced  with  the  same  time 
Increments  between  plates  (V„  10  f/sec;  a+  0.6; 
fit  0.2).  Thus,  Figs.  1  and  2  may  be  contrasted 
directly,  plate  by  plate.  In  order  to  ascertain 
differences  In  the  resultant  flow  fields. 

For  the  three-dimensional  test  case,  a  leading 
edge  vortex  was  also  formed  during  the  Initial 
forcing  period.  Initiation  occurred  at  a  slightly 
larger  angle  of  attack  (47°,  three-dimensional; 
41.5°,  two-dimensional)  corresponding  to  a  longer 
delay  In  time.  Two  shear  vortices,  rather  than  one 
(Fig.  2,  B)  appeared  behind  the  leading  edge 
vortex.  The  first  vortex  took  residence  between 
mid-chord  and  the  tral  I  I ng  edge  (x/c  =  0.75,  Fig. 
2,  B)  whl le  the  second  shed  Into  the  wake  (Fig.  2, 
A-E).  The  major  difference  between  the  two  test 
conditions,  however.  Is  the  breakdown  of  the 
leading  edge  vortex  In  the  three-dimensional  test 
circumstance.  Plates  A-D  (Fig.  2)  show  leading 
edge  vortex  development  matching  the  two- 
dimensional  test  case.  As  the  vortex  approaches 
mid-chord  (Fig.  2,  F),  the  leading  edge  vortex  no 
longer  maintains  simple  two-dimensional 
characteristics.  Smoke  streaklines  about  the 
vortex  c  I  rcumf erence  are  displaced  out  of  the 
original  Introduction  plane  of  z/c  =  1.0  toward  the 
wing  tip  (toward  the  viewing  camera  In  these 
visualizations).  Turbulent  flow  behavior  with 
diffuse  smoke  patterns  (Fig.  2,  G-0)  replace  the 
cohesive,  organized  structure  observed  In  the  two- 
dimensional  test.  Also,  the  development  of  a 
tral  I  I ng  edge  vortex  observed  In  the  two- 
dimensional  tests  was  no  longer  evident. 

The  Initial  development  and  convection  of  the 
leading  edge  vortex  for  both  the  two-dimensional 
and  three-dimensional  conditions  were  very  similar. 
Plotting  the  displacement  of  the  leading  edge 
vortex  over  the  alrfol I  chord  as  a  function  of  non- 
dlmenslonal  time,  contrasts  the  behavior  between 
two-dimensional  and  three-dimensional  elicited 
vortices.  In  Fig.  3,  non-dimensional  pitch  rates 
of  0.2  and  0.6  for  the  two-dimensional,  and  0.2, 
0.6  and  1.0  tor  the  three-dimensional  case  are 
plotted.  Again,  the  smoke  sheet  was  Introduced  at 
mid-span  for  the  two-dimensional  model,  and  z/c  - 
1.0  for  the  three-dimensional  wing.  The  initiation 
time  of  the  leading  edge  vortex  (t|)  was  defined  by 
the  first  movie  frame  where  a  leading  edge  vortex 
was  clearly  discernible  over  the  airfoil.  Al  I 
subsequent  times  are  referenced  to  the  leading  edge 
vortex  initiation  time  t | .  Plotting  vortex 
displacements  in  this  manner  permits  examination  of 
the  vortex  behavior  Independent  of  the  airfoil 
motion  history.  The  onset  of  alrfol I  motion  with 
the  alrfol  I  at  0°  angle  of  attack  was  used  as  the 
zero  reference  time  base  ( t Q )  for  al  I  test 
cond I t ions. 

Across  test  conditions,  the  initiation  time  of 
the  leading  edge  vortex  was  delayed  approximately 
fit  =  0.2  for  the  three-dimensional  wing.  After 
initiation,  the  vortices  convected  in  a  linear 
fashion  downstream.  Differences  In  the  slopes  of 
the  displacement  vs.  time  lines  through  the  data 
points  (thus,  average  convect ing  velocity)  showed 
no  appreciable  change  between  the  two-dimensional 
and  three-dimensional  tests.  At  non-d  I  mensl  ona  I 
pitch  rates  of  0.2  and  0.6,  leading  edge  vortices 
convected  at  0.35  and  0.45  Vc/V„  respectively. 
For  a+  -  1.0  In  the  three-dimensional  test,  the 
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Fig.  3  Leading  Edge  Vortex  Convection  as  a 
Function  of  Non-D I  mens  I ona  I  Time:  NACA 
0015;  o  +  0.2,  0.6,  1.0;  smoke  wire 

location  z/c  =  1.0;  tQ  corresponds  to  0° 
prior  to  wing  motion. 


Trailing  Edge  View  of  Leading  Edge  Vortex 
Development  from  a  Three-Dimensional  wing 
Pitched  at  Constant  'i  :  NACA  0015;  i  *  1.0; 
smoke  wire  location  z/c  -  0.8;  t  between 
photographs  of  0.2;  t  ^  =  0.2;  A -  0 

correspond  to  \  's  of  1.0,  6.5,  14. h,  57.5, 
39.2,  49.8,  5  6.4,  60.0  ...  60.0°. 


convection  rate  remained  constant  at  0.45  Vc/V„  . 
In  the  three-dimensional  test  cases,  vortex 
positions  were  plotted  only  where  the  leading  edge 
vortex  remained  two-dimensional.  The  last  data 
point  Indicates  where  two-dimensional  behavior 
breaks  down.  Larger  non-d imens I ona  I  pitch  rates 
produced  an  earlier  breakdown  In  the  leading  edge 
vortex  with  the  smoke  sheet  Introduced  at  z/c  - 
1 .0. 


The  three-dimensional  breakdown  of  the  leading 
edge  vortex  can  be  readily  observed  from  an 
orthogonal  ly  located  camera  view  of  the  pitching 
sequence.  Whereas  Fig.  2  examined  the  span-end 
view  of  the  Initiation  and  development  process. 
Fig.  4  documents  the  three-dimensional  breakdown 
from  a  viewing  vantage  point  above  and  behind  the 
airfoil  trailing  edge.  White  reference  "tic"  marks 
along  the  leading  and  trai 1 Ing  edge  of  the  wing  are 
evenly  spaced  In  0.2  chord  Increments  (z/c  =  0.2). 
The  first  reference  mark  positioned  to  the  right  of 
the  wing  tip  marked  an  Interval  of  0.1  c.  For  this 
sequence  of  photographs,  the  smoke  sheet  (coming 
directly  at  the  camera  lens  In  the  center  of  Fig. 
4,  A)  was  Introduced  at  the  z/c  =  0.8  span  location 
on  the  wing.  Again,  the  non-dimensional  time  (At) 
between  consecutive  plates  Is  0.2.  Photograph  A  In 
Fig.  4  was  exposed  at  a  reference  time  of  0.2  after 
the  airfoil  motion  commenced  (mean  angle  1°). 
With  a  non-d Imens Iona  I  pitch  rate  of  1.0,  the  seml- 
tnflnlte  wing  attained  maximum  angle  of  attack 
(60°)  I  n  p  I  ate  H. 

From  this  vantage  point,  the  three-dimensional 
d I sp I acement  of  the  Initially  two-dimensional  smoke 
sheet  can  be  resolved.  As  the  wing  pitches  toward 
maximum  angle  (Fig.  4,  A-F),  the  smoke  sheet 
passing  below  the  wing  surface  moved  toward  the 
wing  tip  (Fig.  4,  I)  whl le  the  upper  surface  smoke 
near  the  trailing  edge  was  displaced  Inboard,  away 
from  the  tip.  Note,  however,  that  only  minor 
displacements  occurred  during  this  segment  of  the 
rotation  (Fig.  4,  A-l)  though  the  airfoil  attained 
an  angle  of  60°. 

The  Initial  formation  of  the  leading  edge 
vortex  was  accomplished  In  nearly  a  two-dimensional 
fashion.  Fig.  4,  photographs  F-K  depict  the 
Initial  time  of  formation  and  development  of  the 
leading  edge  vortex.  As  the  vortex  convected  over 
the  wing,  the  upper  surface  smoke  sheet  outl  Inlng 
the  leading  edge  vortex  was  drawn  toward  the  wing 
tip  to  a  position  of  z/c  =  0.6,  a  distance  of  0.2  c 
from  the  original  smoke  sheet  plane.  At  this  new 
span  location  (z/c  =  0.6),  the  leading  edge  vortex 
remained  outlined  by  the  upper  surface  smoke  sheet, 
yet,  did  not  appear  to  convect  further  downstream 
toward  the  camera  (Fig.  4,  0).  This  span-wise 
convection  of  the  leading  edge  vortex  was  apparent 
for  al I  smoke  Introduction  planes  where  z/c  <  1.0 
from  the  tip.  At  z/c  =  1.4,  the  leading  edge 
vortex  shed  from  the  upper  surface  Into  the  wake 
without  exhibiting  span-wise  convection  toward  the 
tip.  In  the  previous  figure  (Fig.  3),  it  was  noted 
that  the  last  position  plotted  for  the  seml- 
Infinite  wing  data  Indicated  where  three- 
dimensional  breakdown  of  the  leading  edge  vortex 
occurred.  The  flow  conditions  exhibited  In  Fig.  4, 
H  would  have  been  considered  the  onset  of  three- 
dimensional  ity  In  the  leading  edge  vortex  and  no 
further  positions  would  have  been  plotted  In  Fig.  3 
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Figures  5,  6,  and  7  Leading  Edge  Vortex  Convection  at  Different  Span 
Locations:  i*  values  _0 . 2 ,  0.6,  and  1.0 

respectively;  NACA  0015;  At  between  successive 
lines  0.2;  tj  2.5,  1.6,  and  1.2. 


for  this  test  sequence. 

Disparate  "fingers  of  smoke"  also  appeared  to 
the  right  of  the  leading  edge  vortex  (Fig.  A,  K-M) 
and  extended  out  from  the  airfoil  surface.  Upon 
closer  examination,  these  "smoke  fingers"  outlined 
the  leading  edge  vortex  at  the  original  chord 
position  where  the  smoxe  sheet  was  Introduced  (z/c 
-  0.8).  The  leading  edge  vortex  outl  I  ned  by  the 
disparate  smoke  at  z/c  =  0.8  continued  to  convect 
downstream  over  the  chord  while  rapidly  Increasing 
In  diameter  (Fig.  4,  K-0). 

The  leading  edge  vortex  convection  was  plotted 
for  different  smoke  sheet  Introduction  planes  along 
the  span.  Figs.  5,  6  and  7  show  the  leading  edge 
vortex  convection  behavior  for  non-d I  mens  I ona I 
pitch  rates  of  0.2,  0.6  and  1.0  respectively. 
Again,  only  the  time  and  position  points  were 
plotted  where  the  leading  edge  vortex  demonstrated 
two-dimensional  development  without  span-wise 
convection.  These  data  were  col  I ected  from  span- 
end  view  movie  frames  similar  to  those  printed  In 
Figs.  1  and  2.  The  non-d I  mens  Iona  I  time  Increment 
between  successive  position  points  was  equal  to  0.2 
(every  other  movie  frame).  Connected  data  points 
between  different  span  locations  show  leading  edge 
vortex  positions  at  various  spanw I se  locations  at 
the  same  reference  times.  Thus,  each  successive 
line  shows  the  convective  behavior  of  the  leading 
edge  vortex  along  the  span  of  the  wing. 

Vortex  Initiation  occurred  at  the  same  point 
In  time  along  the  span  of  the  wing.  The  Initiation 


times  referenced  to  the  onset  of  airfoil  motion 
(tQ)  were  2.8,  1.6,  and  1.2  for  non-d  I  mens  I  ona  I 
pitch  rates  of  0.2,  0.6  and  1.0  respectively. 
Initially,  the  leading  edge  vortex  line  convected 
downstream  In  a  two-d I  mens  I ona  I  fashion  Indicated 
by  the  straight  line  through  the  position  data.  At 
later  times,  the  vortex  I Ine  away  from  the  tip  (z/c 
>.  1.0)  continued  to  convect  In  a  uniform  fashion 
parol  lei  to  the  airfoil  span.  Near  the  tip  (z/c  < 
0.8),  the  leading  edge  vortex  convection  was 
arrested.  At  span  locations  of  z/c  =  0.4,  the 
leading  edge  vortex  remained  stationary  over  the 
wing  surface.  Within  this  region,  one  test 
condition  (Fig.  7,  i +  1.0,  z/c  0.6)  shows  the 
leading  edge  vortex  reversing  direction  and 
traveling  upstream  a  short  distance  Just  prior  to 
exhibiting  three-d I  mens  I ona I  1 ty. 

Two-d I  mens  I ona I  I ty  of  the  leading  edge  vortex 
line  persisted  for  much  greater  periods  of  time  at 
span  locations  furthest  from  the  tip  (z/c  >  1.0). 
At  low  non-d I  mens  I ona  I  pitch  rates  (  a +  0.2)  two- 
dimensional  I  ty  persisted  nearly  twice  as  long  away 
from  the  tip  (z/c  1.4)  than  near  the  tip  Itself. 
Larger  r  +  rates  produced  similar  behavior  with 
vortex  breakdown  occurring  first  near  the  tip  and 
propagating  out  from  the  tip  along  the  vortex  line. 

Hina  Tia  Vortex  Interaction 

Near  the  wing  tip,  the  flow  field  above  the 
airfoil  surface  was  dominated  by  the  development  of 
the  wing  tip  vortex.  In  Figs.  5,  6,  and  7,  span 
locations  less  than  z/c  <  0.4  showed  no  formation 
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Fig.  8  Orthogonal  Views  of  Wing  Tip  Vortex 
Develoment:  NACA  0015;  a +  0.6;  smoke  wire 
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Fig.  9  Development  of  the  Wing  Tip  Vortex  Beta 
Angle  as  a  Function  of  Non-  Dimensional 
Time:  NACA  0015;  a  +  0.2L  0.6,  1.0;  smoke 
wire  location  x/c  -  0.1;  tQ  corresponds  to 
airfoil  at  0"  prior  to  wing  motion. 


frame)  with  plate  A  In  Fig.  8  at  a  mean  angle  of 
0.42°,  reaching  60°  In  plate  H. 

The  smoke  sheets  above  and  below  the  wing  tip 
were  displaced  along  the  span  (2  axis)  as  the  wing 
pitched  toward  maximum  angle  of  attack.  On  the 
upper  surface,  the  smoke  sheet  was  displaced  away 
from  the  tip.  Simultaneously,  smoke  from  beneath 
the  alrtol  I  passed  over  and  around  the  wing  tip. 
From  the  tral 1 1 ng  edge  view  (Fig.  8,  pi ates  A-F)  a 
clear  separation  line  Is  evident  between  the 
displaced  smoke  sheet  on  the  upper  surface  and  the 
smoke  curling  about  the  wing  tip  from  the  lower 
surface.  The  smoke  sheet  from  beneath  the  wing  tip 
envelops  the  wing  tip  vortex  tracing  a  conical 
shape  focused  to  a  point  at  the  tip  of  the  leading 
edge.  The  Influences  traced  by  the  two  smoke 
sheets  are  clearly  separated  Into  distinct  regions 
where  smoke  from  the  lower  surface  dominates  the 
flow  within  the  Immediate  wing  tip  region  while 
flow  on  the  upper  surface  Is  canted  away  from  the 
tl  p. 


A  portion  of  the  smoke  sheet  on  top  of  the 
wing  near  the  surface  of  the  leading  edge  was  drawn 
toward  the  wing  tip.  Fig.  8,  plates  A-F  show  the 
upper  surface  smoke  displacement  toward  the  tip  of 
the  leading  edge.  An  Intersection  line  exists 
starting  at  the  leading  edge  tip  proceeding  down 
the  chord  at  an  angle  of  30°  to  the  wing  tip.  This 
I  n ter  sect  Ion  I Ine  separates  the  Infl  uence  of  the 
wing  tip  vortex  flow  from  the  flow  over  the  upper 
surface.  At  later  periods  In  the  development  phase 
(Fig.  8,  G-L),  this  Interaction  line  fiom  the 
leading  edge  I  I fts  from  the  alrfol  I  surface,  no 
longer  adhering  to  the  wing  surface  contour.  For 
al  I  three  a+  conditions  tested  (0.2,  0.6,  1.0),  a 
strong  temporal  correlation  existed  between  three 
separate  events:  1)  The  leading  edge  vortex  at  z/c 
=  1.4  (furthest  measured  point  away  from  the  tip) 
shed  from  the  airfoil  surface,  2)  three- 
dimensional  I  ty  within  the  leading  edge  vortex 
developed  along  the  span,  and  3)  the  Intersection 
line  separating  the  two  regions  of  wing  tip  and 
upper  surface  flow  began  to  shed  from  the  wing 
surface. 

Previous  experimental  Investigations'^*'^  have 
used  the  8  angle  to  characterize  wing  tip  flow. 
Flow  passing  from  beneath  the  wing  traces  the  wing 
tip  vortex  In  a  helical  arc  around  the  wing  tip  and 
Into  the  wake.  The  b  angle  measured  the 
Intersection  made  by  the  hel leal  arc  with  the  chord 
I  I ne  of  the  1 1 p  I  tse I f .  The  greater  the  8  ang  I  e, 
the  larger  the  differential  pressure  effects  about 
the  tip.  For  these  results,  the  B  angle  remained 
constant  at  90®  from  the  onset  of  pitch  through  the 
period  where  the  Interaction  region  began  to  shed. 
As  a  second  measure,  the  conical  half-angle  traced 
by  the  wing  tip  flow  and  the  chord  I Ine  were  also 
measured  (Fig.  9)  for  the  same  time  period.  Across 
both  non-dimensional  pitch  rates  and  time,  this 
angle  maintained  a  relatively  constant  value  of 
30®. 


of  the  leading  edge  vortex.  Fig.  8  shows  the  span- 
end  view  along  with  the  orthogonal ly  positioned 
trailing  edge  perspective  side  by  side.  The  smoke 
sheet  was  released  upstream  of  the  wing  tip  at  the 
z/c  *  0.1  c  span  location.  This  sequence  depicts 
♦  loe  development  about  the  tip  at  a  non-d  I  mens  Iona  I 
pitch  rate  of  0.6.  Consecutive  photographs  are 
Increeented  In  0.3  time  steps  (every  third  movie 


Discussion 

Though  the  three-dimensional  forced  unsteady 
separated  flow  about  a  semi- I nf I n I te  wing  was 
Inherently  complex,  several  well-defined  flow 
perturbations  were  Identified  with  counterparts 
observed  In  two-dimensional  results.  The  flow 
field  was  dominated  by  the  development  of  a  leading 
edge  vortex  elicited  from  the  separated  flow  as  the 


wing  pitched  beyond  the  static  sta  I  I  angle.  In 
addition,  a  second  orthogonally  positioned  vortex 
emanated  from  the  wing  tip.  Both  flow  structures 
dominated  the  potential  flow  field  within  localized 
areas  of  the  wing  and  appeared  to  el  Iclt  vortex- 
vortex  Interactions  near  the  Intersection  region 
between  the  two  vortices.  Vortex  Initiation  and 
development  was  extremely  repeatable  across  test 
conditions  permitting  analysis  via  flow 
visual  izatlon.  Introduction  of  smoke  sheets  at 
various  span  locations  permitted  resolution  of  both 
the  two-dimensional  an-1  three-dimensional  behaviors 
cf  the  flow  field  along  the  span.  The  flow 
development  can  best  be  described  in  terms  of  three 
separate  phases  of  the  airfol  I  motion  history:  1) 
vortex  Initiation  during  the  pitching  or  forcing 
period  of  wing  motion,  2)  vortex  development  and 
interaction  as  the  airfoil  motion  approached 
maximum  angle  of  attack  and  3)  the  relaxation 
period  wrere  alr'oll  motion  ceased  and  the 
vorticity  from  the  wing  surface  shed  into  the  wake. 

Vortex,  initiation  -  Forcing  Phase 


tip.  The  averaged  convection  rate  correlated  wel  I 
with  previous  two-d  imensional  airfoil  results  of 
leading  edge  vortex  development  (Fig.  3).  Near  the 
wing  tip  (0.4  <  z/c  <  0.8),  convection  of  the 
leading  edge  vortex  was  slowed  while  at  span 
locations  less  than  0.4c,  the  leading  edge  vortex 
appeared  stationary  and  did  not  convect  before 
three-dimensionality  occurred. 

Previous  work  by  Adler  and  Luttges  17  with  an 
osc I  1  I  at  I ng  semi- Infinite  wing  had  shown  similar 
results  In  convecting  behavior.  At  span  locations 
greater  than  1.0c  away  from  the  tip,  the  leading 
edge  vortex  development  showed  no  discernible 
three-dimensionality  and  the  convection  rate 
appeared  the  same  as  observed  for  a  two-dimensional 
airfoil  oscillated  in  pitch  under  the  same  test 
conditions.  For  the  conditions  reported  here,  a 
small  Influence  in  convection  was  evident  at  span 
positions  up  to  1.0c  from  the  tip.  However,  by 
1.4c,  the  leading  edge  vortex  convected  In  a  two- 
dimensional  fashion  over  the  wing  without 
displacement  toward  the  tip. 


Leading  edge 
qua  1 i tat i ve 1 y.  The 
for  twc-d I  mens i ona 
p  i  tc  r  niot'ons,  ’ 
sinusoidal  I*  in  p 
w  i  ngs  osc  i  I  1  ated  i n 


vertex  initiation  followed 
same  general  patterns  observed 


w.t? 


alrfci Is  undergoing  slmi la r 
'  ’  ^  airfoils  oscillating 
tch,4'^'^'7  and  semi-infir 
pitch  beyond  static  sta I  I.' 
Increases  in  the  non-dimensional  pitch  rate  delayed 
leading  edge  vortex  development  to  later  times  in 
the  motion  l.'story.  Initiation  of  the  leading  edge 
vertex  remained  two-dimensional  along  the  span.  It 
is  interesting  to  note,  however,  that  near  the  wing 
tip  (z/c  <  0.4)  a  leading  edge  vortex  fai led  to 
ceve I  op. 


ourirg  tt e  forcirg  period,  the  region  near  tre 
« : nj  t'p  (z/c  -  0.4)  was  completely  dominated  by 
tre  de  ve  I  c  pr.ent  cf  the  wing  tip  vertex.  Formation 
of  tr.e  wing  tip  vortex  began  immediately  as  the 
wirg  p  ’  tehetf  ft  or  C°  angle  ot  attack.  A  c I eur 
distinction  cou ' d  be  made  between  the  ai location  ot 
smoke  to  tie  wiry  tip  as  opposed  to  the  upper 
surface  t  liw:.  :-noke  introduced  below  the  airfoil 
surface  roar  lit-  fly  was  entrained  up  and  around 
tr.e  air  lei.  tip  irtc  tre  wing  tip  vortex.  In 
contrast,  r-exfc  ..  .til  the  upper  (suction)  Surface 
r  t  r  .  c ,  e  ■  ;  r  ‘it  same  span  plane  near  the  tip  was 
■:  i  s  p  laced  away  from  tre  t:,  as  if  moved  ever  the 
.  *  c .  A  clear  reparation  emerged  as  a  distinct 

; r  t e r  s o i  t  i  c n  line  defining  the  two  zones  of 
p  r  - I'd  vorticity  influence.  That  from  the*  lower 

(pre-siure)  l  ur  face  termed  the  w  i  nj  tip  vortex 
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Vortex  Shedding  -  Relaxation  Phase 

Correlation  between  the  shedding  of  the  two- 
dimensional  leading  edge  vortex  at  span  positions 
greater  than  1.0c  and  the  separation  of  the  wing 
tip  interaction  region  suggests  a  strong  link 
between  1  he  leading  edge  and  wing  tip  vortex. 
Previous  work  for  two-d i mens  I ona I  airfoils  has 
shown  that  "cataclysmic"  sta  I  I  results  when  the 
leading  edge  vortex  sheds  from  the  airfo’l  surface. 
From:  visualization  results,  ^>5,6,7  a  trailing  edge 
vortex  forms'  with  shedding  of  the  leading  edge 
vortex  and  flow  completely  separates  from  the 
airfoil  surface.  This  separation  is  also  reflected 
in  pressure  measures  made  along  the  airfoil 
surface.  ’  ’  ’  ’  ‘  In  the  results  reported 

here,  a  trailing  edge  vortex  was  not  observed  near 
the  tip,  although  separation  of  the  leading  edge  / 
wing  tip  vortex  interaction  region  does  occur. 

For  a  semi- i nf I ni te  wing,  the  bound  vorticity 
contained  around  the  wing  rust  continue  In  a  I  ine 
through  the  wing  tip  vortex.  The  wing  tip 
v or  * i c I ty  reflecting  the  magn itude  of  the  lift 
generated  by  t  h  e  wing.  Previous  pressure 
measurements  on  +wc~d i mens  I ona I  airfcils  have  shown 
that  shedd i na  ot  the  leading  edge  vorllcity  away 
from  -Ira  triggers  3  substantial  loss  in 

lilt.’’  *’  '  i  In  the  visualizations  reported 

her  e,  shed  d  i  ng  cf  t  tie  leading  edge  vortex  i  s  a  I  so 
c<  m.merser  ate  with  separation  of  the  the  wing  tip 
1  r.f  er  ac  t  tc  n  region  from'  the  wing  surface.  This 
loss  . r  I  i f  t  appears  to  tr  igger  separation  c f  the 
wirg  tip  vertex  so  that  the  wing  tip  vortex  arid 
:  i  uhd  v  or  Deity  rear  t  he  I  ead  i  ng  edge  at  the  w  i  ng 
tip  (z/c  ■-  C.4 )  may  separate  together  in  a 
coni  :  nuous  I  i  ne. 


tern.  Mtsvtii upsis.l  del  juo. Ptiriufc 

Tl  c  cjr  ritialiy  forrt:n,  as  a  two-d  i  miens  I  ona  I 
I  •  r«»  ■.»:•  *t  ,  tin  spar,  at  x/t  .  1./,  tie 

cad's,  ed.o  vertex  ana  its  nomiria.  corvect'or 
b  e '  a  .  I  o  was  q  u  I  c  *  i  >  a  )  fell'd  t  y  the  i  r  f  I  umree  of 
the  win,  '  t  .Life..  Prior  fc  *he  set  ot  trree- 

d i men:  :  i  na ;  ity  r  •!«  leading  edge  vertex,  the 
lead  r  j  ed  ,e  vertex  cor  vet  ted  in  a  two-d  i  rw.ni  i  ona  I 
I  :  re  a  :  r  g  f  i.  e  sf  ar  t  ♦  1 1  e  a  ■  r  f  c  i  I  i f  i  ; s.  k  ,  t  ,  ’  1 
at  s,  nr  .cations  ;i  eater  'ran  0.8  s  away  f  ■  ./ 


Itougt  these  results  are  preliminary,  seme 
spec  a  I  at  I  (  ri  can  be  rr  afle  regarding  the  nature  of  the 
t’.r  ee-d  I  mens  i  c  na  I  i  ty  arising  in  leading  edge  vortex 
development,  f  run  pr  essure  rr.easurenents  on  two- 
0  1  mens  i  c  na  I  airfcils  at  similar  test  tone  1 1  ions, 
pressure  distributions  about  pitching  airfoils  can 
produce  I  i  1 1  c  ye)  f  i  c  ien^s  much  gsf.efer  than  steady 
fate  values.  ’  ,l  '*  *  ‘  The  low  static  pressure 

d I sti  i but  ions  which  yield  these  values  of  CL  at  e 
p:  educed  f  r  on  the  I  c?ad  I  rg  edge  vortex  development 
:  otuititn  ever  1 1  u  a  I  r  t  o  i  I  su  r  1  ac  e.  I  ri  1  he 


The 


rr 


three-dimensional  test  case,  this  added  lift  must 
be  reflected  In  an  enhanced  wing  tip  vortex. 
Development  of  the  stronger  wing  tip  vortex 
ultimately  appears  to  draw  the  two-dimensional 
development  of  the  leading  edge  vortex  out  of  plane 
toward  the  tip.  In  the  results  reported  by  Adler 
and  Luttges  for  an  oscillating  wing,  7  three- 
dimensionality  was  limited  to  a  region  within  1.0c 
of  the  wing  tip,  whereas  the  present  results  extend 
the  region  to  1.4c.  This  difference  may  also  be 
related  to  the  differences  in  Cp  values  produced 
for  the  two-  different  motion  histories.  Two- 
dimensional  airfol  I  results  from  an  osci  I  lating 
airfoil  produce  Cp  values  roughly  one-half  the 
value  of  those  reported  by  Walker,  et  al.,  and 
Jumper,  et  al.,  ‘  for  two-dimensional  airfoils 
pitched  at  constant  rates  to  large  angles  of 
attack . 

After  the  leading  edge  vortex  shed  into  the 
wake,  flow  field  development  about  the  three- 
dimensional  wing  appeared  to  be  quite  different 
from  the  behaviors  observed  in  two-dimensional 
airfoi  I  results.'®  Shedding  of  the  leading  edge 
vortex  from  the  two-dimensional  airfoil  elicited  a 
trai  I  i ng  edge  vortex  of  opposite  circulation. 
Growth  of  the  trai I  I ng  edge  vortex  appeared  to  "re¬ 
direct"  the  separated  shear  flow  from  the  airfoil 
leading  edge  into  a  second  leading  edge  vortex. 
The  growth  and  shedding  of  the  second  leading  edge 
vortex  closely  paralleled  the  development  of  the 
first,  however,  shedding  of  the  second  leading  edge 
vortex  el  i  c  I  ted  a  second,  much  weaker,  trai  I  ing 
edge  vortex.  This  process  continued  until  a  series 
of  three  to  four  secondary  leading  and  trailing 
vortices  had  been  produced.  Integrated  pressure 
measurements  by  Jumper,  et  a  I .,  clearly  reflect 
the  development  of  these  secondary  vortices  in  the 
I  ift  coefficient  plots  as  a  function  of  non- 
dimensional  time.  Each  successive  leading  edge 
vortex  produced  a  diminished  pressure  effect 
compaired  to  the  previous  vortex.  After  three  to 
four  damped  pressure  peaks,  the  I  ift  coefficient 
had  decayed  to  approximately  nominal  steady  state 
va I ues. 

In  tie  three-dimensional  wing  results,  a 
trai  I  ing  edge  vortex  does  not  develop  near  the  wing 
tip.  The  interactive  leading  edge  /  wing  tip 
vortex  region  separated  and  shed  from  the  wing 
without  eliciting  any  additional  vortical 
structure.  At  span  positions  one  chord  from  the 
tip  (z/c  -  1.0)  a  second  leading  edge  vortex 
development  was  observed  during  the  relaxation 
phase.  This  second  vortex  development,  however, 
did  not  ar  i  se  from  the  growth  of  a  trai  I  ing  edge 
vortex.  shedding  of  the  first  leading  edge  vortex 
failed  to  produce  the  trailing  edge  vortex 
deve I opment  obser vec  i n  the  two-d imens i ona I  airfoil 
results.  Shedding  of  the  second  I ead i ng  edge 
vortex  however,  did  initiate  a  trai  I  ing  edge 
vortex.  The  initiation  and  development  of  the 
second  leading  edge  vortex  and  subsequent 
generation  of  a  trai I ing  edge  vortex  were  not 
reflected  in  the  wing  tip  flow.  After  separation 
of  the  first  leading  edge-wing  tip  vortex 
interaction,  no  further  initiation  or  reattachment 
of  flow  about  the  wing  tip  was  observed. 


Forced  unsteady  separated  flow  el icitefl  from  a 
serr,  i  -  i  n  f  i  n  i  te  wing  pitched  at  a  constant  rate 


through  large  angles  of  attack  produced  highly 
repeatable  three-dimensional  vortical  wakes.  These 
we  I  l-behaved  vortex  structures  were  readily 
resolved  using  smoke  sheets  Introduced  at  various 
span  positions,  illuminated  stroboscop ica  II y,  and 
recorded  with  a  high-speed  movie  camera. 

The  separated  leading  edge  and  wing  tip 
vortices  dominated  specific  regions  of  the  wing 
surface.  Similar  to  the  results  reported  earlier 
for  osci  I  lating  airfoils,7  the  wing  tip  vortex 
dominated  the  local  flow  about  the  tip  (z/c  <  0.4) 
and  exercised  influence  over  the  development  of  the 
leading  edge  vortex  in  the  tip  region  (0.4  <  x/c  < 
1.4).  Leading  edge  vortex  development  at  distances 
greater  than  1.4c  from  the  tip  appeared  unaffected 
by  wing  tip  influences.  Vortex  Initiation, 
development  and  convection  rates  at  these  span 
locations  matched  those  of  two-d i mens iona I  airfoil 
results.  Thus,  three-dimensional  effects  from  a 
wing  under  constant  pitch  were  observed  at 
d i stances  40$  greater  than  for  the  osc i I  I  at i ng  w i ng 
case. 

Though  these  results  are  qual itative,  some 
speculation  can  be  made  regarding  the  validity  of 
two-dimensional  results  in  predicting  the 
performance  of  three-dimensional  bodies.  The 
initial  similarity  in  leading  edge  vortex 
development  between  two-dimensional  and  three- 
dimensional  test  results  suggests  that  existing 
two-dimensional  pressure  measurements  may  be 
appropriate  to  help  predict  sectional  aerodynamic 
roefficients  for  sem  i  -  i  n  f  i  n  I  te  wings.  Of  course, 
such  measurements  would  be  restricted  to  span 
locations  away  from  the  tip.  At  later  periods  in 
the  relaxation  phase,  initiation  and  development  of 
subsequent  I ead I ng  and  tra i I  i  ng  edge  vort i ca  I  flows 
appear  substantial  ly  different  between  the  two- 
dimensional  and  three-dimensional  test 
circumstances.  Previous  two-dimensional  results 
may  not  be  particularly  useful  in  describing  flow 
interactions  that  occur  during  such  relaxation 
phases. 

As  noted  earl  ier,  the  present  work  does 
provide  some  insight  into  orthogonal  vortex 
interactions.  Also,  the  above  observations  suggest 
a  scheme  for  the  vorticity  al  locations  to  leading 
edge  and  wing  tip  vortices.  These  two  prominent 
vortex  generation  sites  have  I  ittle  in  common 
e i ther  spac i a  i  I  y  or  tempora  I  I  y.  Wing  tip  flow 
emaneted  from  the  lower  boundary  layer  vorticity  on 
the  pressure  surface.  The  wing  tip  vortex  was 
establ  ished  almost  i mmed iately  with  the  onset  of 
airfoil  motion,  and  maintained  a  stable  geometric 
size  and  shape  through  the  forcing  period.  In 
contrast,  multiple  vortex  initiation  sites  along 
the  chord  were  obser  ved  from  trie  upper  surface 
boundary  layer  vorticity.  Ult  irately,  only  the 
leading  edge  vortex  dominated  the  upper  surface 
flow  field.  The  vorticity  al  location  to  ire 
leading  edge  vortex  remained  clear  ly  separated  from 
the  wing  fir  vorticity.  Unlike  lie  wing  tip 
vortex,  the  leading  edge  vortex  showed  a  continual 
vorticity  influx,  reflected  in  the  rapid  growth  and 
convection  of  the  vor  tex  over  the  wing.  Only  at 
the  intersection  of  trie  two  sites  of  vortex 
generation  was  the  interaction  between  the  win]  tip 
and  leading  edge  vortice*.  rest  promdnenl  with  the 
leading  edge  vertex  exnitit'ng  trio  greatest  al  trued 
effects. 

The  present  stue'es  ■_  hew  er-su  ;h  re!  i  at  i  i -*  ■  ;• 


both  the  temporal  and  spacial  arrangement  of 
vortices,  that  ful  i  quantification  of  these 
vortical  dynamics  should  be  possible.  Measures  of 
pressure  distributions  as  wel  i  as  velocity  prof i les 
should  reveal  how  the  vortices  are  initiated  and 
developed.  And,  such  future  studies  should  reveal 
critical  facets  of  vortex-vortex  interactions  in 
these  complicated  unsteady  flow  fields. 
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